Background: P38 mitogen activated protein kinase (MAPK) ␣ modulates microglia-mediated inflammatory responses and a number of neuronal physiological processes. Objective: To evaluate pre-clinically the pharmacological effects in the brain of p38 MAPK␣ inhibition with a brain-penetrant specific chemical antagonist. Methods: VX-745, a blood-brain barrier penetrant, highly selective p38 MAPK␣ inhibitor, and clinical stage investigational drug, was utilized. Initially, a pilot study in 26-month-old Tg2576 mice was conducted. Subsequently, a definitive dose-response study was conducted in aged (20-22 months) rats with identified cognitive deficits; n = 15 per group: vehicle, 0.5, 1.5, and 4.5 mg/kg VX-745 by oral gavage twice daily for 3 weeks. Assessments in aged rats included IL-1␤, PSD-95, TNF␣ protein levels in hippocampus; and Morris water maze (MWM) test for cognitive performance. Results: Drug effect could not be assessed in Tg2576 mice, as little inflammation was evident. In cognitively-impaired aged rats, VX-745 led to significantly improved performance in the MWM and significant reduction in hippocampal IL-1␤ protein levels, though the effects were dissociated as the MWM effect was evident at a lower dose level than that required to lower IL-1␤. Drug concentration-effect relationships and predicted human doses were determined. Conclusions: Selective inhibition of p38 MAPK␣ with VX-745 in aged rats reduces hippocampal IL-1␤ levels and improves performance in the MWM. As the two effects occur at different dose levels, the behavioral effect appears to be via a mechanism that is independent of reducing cytokine production. The predicted human doses should minimize risks of systemic toxicity.
INTRODUCTION
Human genetic and other biologic data indicate major drivers of Alzheimer's disease (AD) include dysregulated microglia [1, 2] and neuroinflammation [3, 4] . The intracellular signal transduction enzyme p38 mitogen-activated protein kinase alpha (MAPK␣) is a modulator of both [5] ; combined with potential biological activities within neurons, p38 MAPK␣ is a recognized therapeutic target for AD [6] . However, the effects of inhibiting p38 MAPK␣ in chronic animal models of AD are not fully understood due to previous unavailability of blood-brain barrier penetrant p38 antagonists [6] .
P38 MAPK␣ has been best characterized as a regulator of pro-inflammatory cytokine (IL-1␤ and TNF␣) production from macrophages [7] in the periphery and microglia in the central nervous system (CNS).
In the CNS, p38 MAPK␣ has long been considered a therapeutic target for a range of neuroinflammatory conditions, including AD [8, 9] . P38 MAPK␣ is also expressed in neurons [10] , where the IL-1␤-p38 MAPK system has been implicated in regulating memory formation through effects on long-term potentiation/depression [11, 12] ; neuronal p38 MAPK has also been implicated in tau phosphorylation [13] , as a mediator of the toxic effects of oligomeric amyloid-␤ (A␤) [14] , and as a regulator of synaptic function/organization [15, 16] . Moreover, recent human genetic data indicate that microglial dysfunction and dysregulated inflammation are major drivers of late-onset AD; and p38 MAPK␣ appears to modulate signaling pathways downstream of the microglial receptors implicated in late-onset AD [17] .
However, there are conflicting data with antiinflammatory strategies in AD animal models [18] ; and the evidence for p38 MAPK␣ have been primarily based on in vitro observations as until recently blood-brain barrier selective p38 MAPK␣ antagonists have not been available for study in vivo. Munoz and colleagues [19] reported on a selective brain-penetrant p38␣ inhibitor that reduced the proinflammatory response (IL-1␤, TNF␣ overproduction), synaptophysin loss, and Y-maze behavioral deficits after 4-week intracerebroventricular human oligomeric A␤ infusion. More recently, the laboratories of Watterson and Van Eldik have reported on in vivo results with "probe" and "tool" brain-penetrant p38 MAPK␣ inhibitors in which they demonstrated amelioration of synaptic and cognitive dysfunction induced by direct hippocampal infusion of A␤ [20] and reduction of lipopolysaccharide-induced neuroinflammation [21] . However, these compounds do not appear to be in pharmaceutical development, perhaps due to lack of appropriate toxicologic properties.
VX-745 [22, 23] is a highly selective, orally bioavailable, small molecule p38 MAPK␣ antagonist with a whole blood IC50 for cytokine production from human peripheral blood mononuclear cells of 60-80 ng/mL and an IC50 for cytokine signaling approximately half that for cytokine production (VX-745 Investigator Brochure). When tested against a panel of 119 protein kinases, VX-745 was at least 100-fold more potent for binding for p38 MAPK␣ for all but two other kinases (p38 MAPK␤, ABL2), both of which were still less strongly bound (50-and 70-fold lower, respectively) [24] ; in a separate study, in enzymatic assays against a panel of 200 kinases, only p38 MAPK␣ and p38 MAPK␤ were inhibited to greater than 80% by VX-745 at 1 M concentration (potency against p38 MAPK␤ 10-20 fold less) [25] . In rats after single doses of VX-745, total (bound and unbound) brain drug concentrations were 1.7-fold higher than in plasma; while in dogs at steady-state during two weeks of dosing, total brain concentrations were also 1.7-fold higher than plasma concentrations and cerebrospinal fluid concentrations were 2-fold higher than free plasma drug concentrations (VX-745 Investigator Brochure). VX-745 is an investigational drug that has been evaluated in animal models of peripheral inflammatory disorders and clinically in rheumatoid arthritis (RA), though abandoned in the early 2000 s for that indication in favor of a non-blood-brain barrier penetrant compound. In a 3-month treatment duration phase 2a clinical study [26] , VX-745 was generally well tolerated at a dose of 250 mg orally twice a day and demonstrated a statistically significant effect on America College of Rheumatology 20% response (ACR20) rate, the standard measure of drug efficacy in RA clinical trials. As generally seen with systemically administered p38 MAPK inhibitors, the most common adverse event in that study was transient elevation in liver transaminases; which was seen in 10-15% of patients. VX-745 has completed a full set of repeat dose chronic toxicology studies in rats and dogs.
Given the increasing recognition of the role of inflammation/microglial dysfunction in AD, the potential role of neuronal p38 MAPK␣, and the opportunity afforded by VX-745 for assessing in vivo pre-clinically and in the clinic the effects of selective p38 MAPK␣ inhibition, pre-clinical studies of VX-745 were undertaken. The objectives of these studies were to (1) demonstrate pharmacological activity in the brain; (2) define doses to be evaluated in clinical studies in AD; and (3) demonstrate potential to target the brain at lower doses than that required for peripheral disorders, a means to reduce risk of liver transaminase elevation that has otherwise hindered the development of p38 MAPK antagonists. As the primary pharmacology of p38 MAPK antagonists is generally considered to be inhibition of IL-1␤ and/or TNF-␣ production, to meet these objectives studies were conducted in models in which there was literature evidence of increased concentrations of these cytokines. After a pilot study in aged Tg2576 mice failed to show significantly increased levels of these cytokines, a definitive dose-response study was conducted in aged rats where increased concentrations of IL-1␤ in the hippocampus have been well documented [27] and argued to be an important contributor to the development of cognitive deficits in these animals [33] .
MATERIALS AND METHODS

Rodents
All studies, including all assessments, were performed at Charles River Laboratories, Finland. All animal experiments were carried out according to the National Institute of Health (NIH) guidelines for the care and use of laboratory animals, and approved by the National Animal Experiment Board, Finland. In the pilot study, highly aged (26 months) Tg2576 transgenic mice purchased from Taconic received either vehicle (1% pluronic F108; n = 6), and or 3 mg/kg VX-745 (n = 5) by oral gavage for 2 weeks. In the definitive study, aged (20-22 months) Fischer rats with identified cognitive deficits received vehicle (1% pluronic F108) or 0.5, 1.5, and 4.5 mg/kg VX-745 by oral gavage BID × 3 weeks (=15 per group); also, n = 15 for vehicle-treated young (2-3 months of age) Fischer rats. The Tg2576 mouse model harboring Swedish mutation at amino acid 695 in the human amyloid-␤ protein precursor (A␤PP) and aged rat model have been previously described [28, 29] .
Morris water maze (MWM) test
Water maze task was performed as designed by Morris [30] . Before the compound treatment was started, the visible platform pre-training was performed to determine whether any non-cognitive performance impairments (e.g., visual impairments and/or swimming difficulties) were present and to balance treatment groups by cued performance. After completion of cued trials, acquisition (place) trials were conducted once daily on days 8-11 and days 15-18 to determine the rat's ability to learn the spatial relationship between distant cues and the submerged escape platform which remained in the same location for all place trials. The starting points were randomized (NW is not used). The rats received four trials (15 min apart, 60 s maximum for each trial) each day for 4 days/week. Latency and path length (distance) were recorded.
A single probe trial was conducted 24 h after the last place trial to evaluate memory retention, in which the time spent in target quadrant and target platform annulus (36-cm diameter circular area surrounding platform), and crosses over the target platform position were measured.
Laboratory analyses
IL-1␤ and TNF-␣ ELISA measurements in the Tg2576 mouse study were performed from cortical samples according to the manufacturer's instructions using R&D Systems kits MLB00B (lot 277809) and MTA00 (lot 278130), respectively. The samples were homogenized into Millipore EZBrain42 kit lysis buffer and protease inhibitors (kit lot 1777753). Cortex and hippocampal soluble extracts from the aged rat study were analyzed for PSD95 (post-synaptic protein) content using an ELISA kit (Cusabio Biotech Ltd., #CSB-EL006938RA, Lot O31154387), while the levels of Il-1␤ and TNF␣ were analyzed only from hippocampus (R&D Systems, #RLB00, Lot 308544). Plasma samples were processed using acetonitrile precipitation and then analyzed for VX745 drug concentration by LC-MS/MS.
Immunohistochemistry
Twenty-m-thick coronal sections were prepared with a cryostat and mounted on SuperFrost Plus glass slides from the fixed, cryoprotected, and frozen hemispheres. Selected sections were then thawed and air-dried. After blocking the internal peroxidase activity and unspecific binding, and washes, sections were reacted overnight at room temperature with either anti-A␤ (mouse anti-A␤ [4] [5] [6] [7] [8] [9] [10] , the Genetics Company AB02, 1:20,000, clone W0-2) or anti-CD11b (rat anti-CD11b, AbD Serotec Inc. MCA711, 1:500). Thereafter the sections were incubated with proper biotinylated secondary antibody and avidin-biotin complex (Vectastain Elite kit, Vector Laboratories, Burlingame, CA) for 2 h each. The peroxidase containing avidin-biotin complex was visualized using nickel-enhanced DAB as a substrate. Finally, the sections were rinsed, dehydrated, coverslipped, and examined with a Leica 3000RB microscope, and analyzed by ImagePro Plus software. The results were expressed as area fraction (stained area tot /measured area tot , expressed in %) and reported as mean ± SEM among the tissue sections analyzed from each individual transgenic mouse. Ventral cortex and dorsal hippocampus were analyzed from the coronal sections (at the AP level of dorsal hippocampus).
Statistics
For the Tg2576 mouse study and the MWM test results, statistical analysis was performed using StatsDirect statistical software. All values are presented as mean ± standard error of mean (SEM). The actual numerical value is provided for p-values less than or equal to 0.1, while values more than 0.1 are simply reported as "ns" (not significant). For the MWM test differences among means were analyzed by using Student's t-test and one-way-ANOVA followed by Dunnet's test for the comparison of the active dose of VX-745 to vehicle-treated rats. MWM acquisition data for distance and latency were presented as original scores and as normalized to day 8 performance (day 8, 100%). Because of distribution pattern of the ELISA results, hippocampal IL-1␤ and PSD-95 results were evaluated with the Kruskal-Wallis test, followed by the Mann-Whitney rank sum test for the comparison of the active dose group to the vehicle-treated rats.
RESULTS
An initial study was performed in 26-month-old Tg2576 mice as prior reports had indicated that inflammation was increased in this model with aging [31] . However, despite aging, in this study minimal inflammation was evident in the brain of the vehicle-treated Tg2576 mice. As a result, levels of the measures assessed (CD11b, TNF␣, IL-1␤) were either below or near the limit of detection, and there was no means to assess the effect of p38 MAPK␣ inhibition (data not shown). Surprisingly, there was substantially lower amyloid plaque load by immunohistochemistry in 3 mg/kg VX-745-treated transgenic animals compared to vehicle treated transgenic mice (see Fig. 1 ), a reduction that approached statistical significance in the hippocampus (5.2% ± 1.3 versus 13.6% ± 3.5 in vehicle-treated animals; p = 0.069; unpaired two-sided t-test) despite the small numbers of mice: n = 5 for VX-745 and n = 6 for vehicle-treated animals. In addition, amyloid plaque load was numerically lower in the cortex of VX-745 treated animals (18.7% ± 3.8 versus 27.7% ± 4.8 in vehicle -treated animals; p = not significant).
With the absence of modifiable inflammation in the Tg2576 mouse (and literature indicating transgenic AD mice do not have a pro-inflammatory phenotype [32] ), a larger dose-response study was conducted in aged rats, where the inflammatory milieu more closely mimics that seen in age-related cognitive decline in humans [33] . 20-22-month-old rats were screened with the visible platform in the MWM test, and animals with cognitive impairment were randomized to receive vehicle or one of three dose groups of VX-745 (n = 15/group); the mid-dose of 1.5 mg/kg, was chosen to match by allometric scaling the dose utilized in the Tg2576 mice; and 3-fold lower and 3-fold higher doses were also evaluated. A fifth dose group consisted of young rats that received vehicle.
On the MWM test, young rats re-learned the avoidance task quickly (Fig. 2) . Aged vehicle-treated rats appeared cognitively impaired, exhibiting longer times and distances on the initial re-testing at day 8, and little performance improvement through two weeks of testing with continued dosing. Relative to vehicle-treated aged rats, swim time and distance decreased at a greater rate in the VX-745-treated aged rats, which is evidence of improved cognitive performance. For both latency and distance, the 1.5 mg/kg dose of VX-745 had the greatest effect, with performance in this group of rats approximating that of young vehicle-treated rats on the last test day. Although the ANOVA revealed only a trend toward a group effect on latency (p = 0.08) on day 17, VX-745 1.5 mg/kg treated rats had significantly decreased latency values on day 17 when compared separately to vehicle treated aged rats (Dunnet's posthoc test p = 0.042; t-test: 0.013). For distance, the ANOVA revealed no main group effect (p = 0.1) on day 17. However, VX-745 1.5 mg/kg treated rats had significantly decreased distance values on day 17 when compared separately to vehicle treated aged rats (t-test: 0.019). In addition, VX-745 1.5 mg/kg treated rats had increased distance values on day 8 (t-test: 0.018) indicating that the performance on the first day was poorer compared to vehicle treated aged rats. For this reason, the data were also analyzed after normalization by comparing change in latency and distance from first test day to last test day (Fig. 3) . When normalized latency data were analyzed, ANOVA revealed a IL-1␤ protein levels in hippocampal homogenate by ELISA were higher, and of PSD95 were lower in aged-rats compared to young rats; both showed reversion toward young rat protein levels with 4.5 mg/kg VX-745 (Fig. 4) . The Kruskal-Wallis test revealed a main group effect for IL-1␤ (p = 0.02), but not for PSD95 (p = not significant). The 4.5 mg/kg VX-745 demonstrated significantly reduced IL-1␤ levels (p = 0.038 by Mann-Whitney rank sum test) and a trend toward increased PSD95 levels (p = 0.063) compared to vehicle-treated aged rats. TNF␣ levels were below limit of detection in all samples analyzed. Cortical levels of PSD95 were highly variable and no differences were apparent between groups, including between vehicle-treated aged and young rats (not shown).
Plasma drug levels of VX-745 increased in a doseproportional manner (Table 1) . Drug concentration effects were consistent with in vitro activities of VX-745, with 4.5 mg/kg (which demonstrated a significant effect on hippocampal IL-1␤ levels) being the only group that exceeded the whole blood IC50 for suppression of cytokine production, while 1.5 mg/kg achieved plasma concentrations that approximated the IC50 for inhibition of cytokine signaling. PK/PD analyses had previously demonstrated that 10 mg/kg dose level in rat adjuvant arthritis model approximates 250 mg orally twice-daily in human RA (VX-745 Investigator Brochure). Comparison of drug concentration-effect correlations in this study with those in the rat adjuvant arthritis and the RA clinical study provides predicted human AD doses: 125 mg orally twice-a-day (i.e., onehalf of 250 mg RA dose) for suppression of cytokine production and 40 mg orally twice-a-day (i.e., onethird of dose for suppression of cytokine production) for cognitive effects.
DISCUSSION
The reduction in hippocampal levels of the cytokine IL-1␤, as well the strong trend on hippocampal levels of the synaptic integrity marker PSD95, demonstrate pharmacological activity of VX-745 in the brain at a dose level that is consistent with its preferential distribution to the brain. In addition, improvement in performance in the MWM test was demonstrated. Importantly, the 1.5-4.5 mg/kg dose range that produced these effects is lower than the 10 mg/kg dose for optimal therapeutic activity for VX-745 in the rat adjuvant arthritis model [23] ; and the predicted human doses for either cognitive or anti-inflammatory activity in brain are 5-and 2-fold lower than the 250 mg dose that has been given previously to patients with RA for up to three months (doses up to 750 mg have also been administered for up to four weeks in patients with RA). Taken together, these results provide support for evaluating VX-745 for CNS disorders in the clinic and suggest that VX-745 would have an adequate therapeutic window for such indications. The improvement in performance in the MWM test occurred at a dose level, 1.5 mg/kg, which did not have an apparent effect on hippocampal IL-1␤ levels. As the primary pharmacologic activity of p38 MAPK inhibitors is generally considered to be suppression of cytokine production this finding is unexpected. However, it consistent with evidence that inflammation may have both beneficial and deleterious effects [34, 35] , and that the goal of therapeutic intervention should be to modulate inflammation rather than full suppression. An alternate explanation that would explain the behavioral effect being at a dose level that did not have an effect on IL-1␤ production would be that the behavioral effect was mediated by inhibition of IL-1␤ signaling in neurons rather than inhibition of production of IL-1␤ from microglia. Moreover, as the effects of IL-1␤ on long-term potentiation in neurons appear to have both p38 MAPK-dependent and independent components [11] inhibition of IL-1␤ signaling in the neuron could explain the "U-shaped" dose response (i.e., mid-dose level performs better than either low or high dose level) in the MWM test: the greater potency of VX-745 on cytokine signaling versus cytokine production may allow the mid-dose level to selectively inhibit p38 MAPK dependent deleterious effects of IL-1␤ signaling in neurons while preserving otherwise positive effects of IL-1␤ by being below the dose level that impacts more broadly IL-1␤ action by decreasing the amount of IL-1␤ in the hippocampus.. In contrast, the high dose level by suppressing IL-1␤ production would reduce both deleterious and beneficial effects of IL-1␤, leading to a more neutral behavioral effect.
One of the concerns regarding inhibiting microglialdriven inflammation has been that it might increase amyloid plaque burden as in certain transgenic models increasing inflammation (e.g., with IL-1␤ overexpression) reduces amyloid plaque load in A␤PP overproducing transgenic mice [36] . Moreover, activation (rather than inhibition) of p38 MAPK␣ in CX3CR1 (or its ligand, CX3CL1) deficiency in A␤PP transgenic mice is associated with increased microglial phagocytic activity and reduced amyloid plaque load relative to the A␤PP transgenic mice [37, 38] . While the size of the Tg2576 study in the current report precludes definitive conclusions, the strong trend toward reduction indicates that p38 MAPK␣ inhibition with VX-745 at the dose utilized at a minimum does not increase amyloid plaque load. One reason for the discrepancy between these results and the CX3CR1/CX3CL1 deficiency result is that in vitro only modest p38 MAPK activation is required for increasing A␤ uptake [39] and the low dose of VX-745 utilized in the current study may have preserved microglial phagocytic activity. In addition, the transgenic mouse experiments are generally read out when mice are young (<12 months) when the microglial phenotype tends to be biased toward the M2 (pro-phagocytic) phenotype [32] , and so increasing microglial numbers would be predicted to reduce amyloid plaque load through increasing phagocytosis of amyloid plaques. The current study was conducted in advanced age mice where the microglial phenotype would be expected to bias away from the phagocytic phenotype and toward the more toxic ("M1") phenotype. Inhibition of p38 MAPK␣ in the advanced-age context may then promote the switch to the phagocytic phenotype, which could not have occurred in younger mice since their microglia already are in that phenotype. Consistent with that hypothesis, blocking pro-inflammatory cytokines with either anti-IL1 antibody or a TNF synthesis inhibitors in aged (15-17-month-old) mice reduces both amyloid plaque burden and tau pathology [40, 41] . Regardless, further animal studies of VX-745 to evaluate pre-clinically the effects on amyloid plaque load were not pursued to confirm the trends because of the differences between the mouse and human innate immune systems [42] , which would in any case make difficult to translate mouse results to human AD. Instead, it is planned to utilize amyloid plaque load by PET scan in initial clinical studies of VX-745 in AD to monitor for either beneficial or adverse effects on amyloid plaque load.
The development of p38 MAPK␣ inhibitors for peripheral inflammatory disorders has been hindered by systemic toxicity risks. With VX-745 and its preferential distribution to the brain, the concentration-effect analysis indicates that pharmacologic activity may be achieved in the brain with doses below those required for pharmacologic activity in the periphery. Moreover, toxicity risks could be further reduced through utilizing doses that inhibit p38 MAPK␣ dependent signaling, which in the case of VX-745 occurs at lower concentration than those required for suppression of cytokine production. Targeting cytokine signaling rather than cytokine production may provide an additional opportunity for p38 MAPK␣ inhibition as inhibition of cytokine production in RA clinical studies was not maintainable with long-term dosing, possibly due to a bypass-signaling pathway for cytokine production that is activated via feedback loops [43, 44] .
During the revision of this manuscript an article was published from the groups of Watterson and Van Eldik [45] on the potential of p38 MAPK␣ inhibitors. They present the discovery and profiling of a novel brain-penetrant selective p38 MAPK␣ antagonist that has similar kinase selectivity profile as VX-745, MW150. MW150, when administered in preventive mode (from week 8 to age 3-4 months) to A␤PP-PS1 mice, improved performance in radial water maze and contextual fear conditioning tests. In addition, 2-week administration to humanized A␤PP-PS1 knock-in mice after development of cognitive deficits at age 11 months led to reversal of radial water maze deficits and "behavior indistinguishable from wild-type mice". This latter finding is similar to the VX-745 MWM results reported in the current report. The combined result with distinct selective p38 MAPK␣ inhibitors indicates that targeting this mechanism has the potential to improve cognitive performance in the clinic, a clinical effect that is substantially more readily ascertained than prevention of cognition decline. MW150 is apparently otherwise undergoing non-clinical IND enabling evaluation.
In conclusion, selective inhibition of p38 MAPK␣ with VX-745 in aged rats reduces hippocampal IL-1␤ levels and improves performance in the MWM test. As the two effects occur at different dose levels, the behavioral effect appears to be via a mechanism that is independent of reducing cytokine production. Combined with its preferential distribution to the brain, VX-745 appears to have the potential to be clinically active at doses that would minimize the risks for systemic toxicity that have otherwise limited the development of p38 MAPK inhibitors. Finally, with the prior clinical experience and understanding of dose-response, VX-745 provides a unique opportunity to directly explore the effects in patients of p38 MAPK␣ inhibition specifically, and of suppressing neuroinflammation generally in human AD and other inflammatory disease of the brain.
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